INTRODUCTION AND BACKGROUND
This paper presents the fi rst surface exposure ages recording the long-term thinning history of Pine Island Glacier (PIG) and the surrounding area. This region is critically important because changes are happening faster here than anywhere else in the West Antarctic Ice Sheet (WAIS). In addition, this sector has long been identifi ed as the "weak underbelly" of the WAIS (Hughes, 1981) , and has the potential to raise sea level by as much as ~1 m Vaughan et al., 2006) . In the past two decades, three adjacent glaciers (Pine Island, Thwaites, and Smith; Fig. 1 ), in dynamically independent glacial basins draining into the Amundsen Sea, have signifi cantly accelerated (e.g., Rignot et al., 2002) and thinned , possibly in response to ocean warming (Payne et al., 2004) . The greatest acceleration (>25% between 1974 and 2003) has been observed for PIG (Joughin et al., 2003) . Glaciologists are currently trying to assess the cause of the dramatic changes in the Amundsen Sea sector and their implications for the future behavior of the WAIS.
The Holocene context for the recent change in PIG is, however, not yet well known due to a lack of data from the region. The only study that gives deglaciation ages from Pine Island Bay thus far (Lowe and Anderson, 2002 ) used a combination of marine geomorphological evidence and a small number of radiocarbon dates to infer that PIG was grounded on the outer shelf at its maximum extent, and retreated to within ~200 km of the present-day grounding line by 10.2 ± 0.4 14 C ka (uncorrected). Outside our study area, and much farther west, Stone et al. (2003) used exposure ages from the Ford Ranges to demonstrate that thinning of the WAIS has been ongoing since the early Holocene and continues at a similar rate today (Davis et al., 2005) . Nevertheless, we cannot yet build a coherent picture of Holocene retreat in the Amundsen Sea Embayment as a whole, nor for individual glaciers, because data are temporally and spatially inadequate.
Understanding the long-term (millennial) history of the Amundsen Sea Embayment of the WAIS is essential for assessing the signifi cance of recent (annual to decadal) changes, and also for constraining ice sheet models. Because it is well known that individual glacier drainage basins in Antarctica can respond in differing ways to external forcing (see review in Sugden et al., 2006) , it is crucial that ice sheet models should demonstrate skill in simulating past ice sheet behavior before they can be relied upon for prediction (Vaughan and Arthern, 2007) . Data showing the extent and thickness of the WAIS in the Amundsen Sea sector are thus essential for reliable prediction of future ice sheet stability and sea-level change. This paper presents surface exposure ages that constrain the Holocene behavior of ice in the Amundsen Sea Embayment.
samples was dictated by helicopter range and ship position in this remote area, but they provide the fi rst onshore chronological constraints for this part of the WAIS.
Nunataks that rise above the present-day ice sheet can be used as dipsticks for past ice thickness, since glacial geomorphological evidence on them (such as erratic boulders, striated bedrock, and till) refl ects former ice cover and can be dated to determine the timing of ice retreat. To this end, we collected erratic boulders from sites on the margin (MM) and downstream (ISL) of Pine Island Glacier, and from the margin of Pope and Smith Glaciers (TR). In addition, we sampled bedrock downstream of Smith Glacier (HB). The nunataks rise above the present-day ice sheet by ~275-400 m.
Glacial deposits at TR and MM consist of a variety of granitic boulders and cobbles scattered on underlying basaltic lava/hyaloclastite bedrock or embedded within till ( Figs.  2A-2C ). The highest erratic found was 12 m below the summit of TR, at 700 m above sea level (a.s.l.). Hunt Bluff is at 470 m a.s.l. on the western side of Bear Peninsula, adjacent to the Dotson Ice Shelf (Fig. 1) . Here erratics are rare and consist of only a few exotic glacially transported cobbles perched on the granite bedrock. This is the only location where striations were found (Fig. 2D ). Striations indicate that erosive ice passed over the bluff, but since the ice retreated, erosion has been negligible. As well as these nunatak sites, we obtained a sample from a low-lying (< 15 m a.s.l.), ice-free island (ISL) ~1.5 km west of the present-day ice margin of Canisteo Peninsula (Fig. 2E ). The island is unusual in that it is the only one in the vicinity that is ice free, and the only one that is occupied (presumably seasonally) by elephant seals and Adélie penguins. ISL is mantled with fi ne-grained sediment in which erratics are embedded. We sampled a 1-m-high boulder (Fig. 2F) .
We determined cosmogenic surface exposure ages on these samples using the abundance of 
RESULTS AND DISCUSSION
We obtained seven Be ages, all on erratics, postdate the Last Glacial Maximum (LGM). At TR, two of the samples (with ages of 14.5 ± 1.2 and 11.7 ± 1.2 ka) record a general progression of decreasing age with decreasing elevation (Fig. 3A) . A third boulder yielded an age of 19.8 ± 1.6 ka. This is signifi cantly older than another sample at a similar altitude. At MM (Fig. 3B) , there is a comparable relationship between the ages of two samples (8.3 ± 0.7 and 4.7 ± 0.3 ka), also at similar altitudes. An erratic from ISL yielded an age of 2.2 ± 0.2 ka close to sea level (Fig. 3C) . A seventh 10 Be age (113.2 ± 7.4 ka) comes from bedrock at HB, where we also obtained a paired 26 Al age (106.2 ± 7.2 ka). Figure 3 shows the age-elevation relationships and present-day ice surface elevations. The elevations of our samples indicate that the ice sheet must formerly have been at least 334 m and 191 m thicker than present at TR and MM, respectively. Our highest sample from TR was collected close to the summit; this location, combined with its postglacial age (14.5 ± 1.2 ka), implies that no part of this nunatak was above the surface of the ice sheet at the LGM. The upper part of MM (>550 m) is currently covered by ice, so we have no samples from higher than 480 m. Thus, using these data, we are unable to constrain the date of the LGM in this region or its maximum ice thickness. However, the exposure ages provide valuable constraints on the thinning history of adjacent glaciers. At TR and MM, the samples appear to record a decline in ice elevation with time. However, at both sites, there are samples at similar altitudes with signifi cantly different ages. We follow the reasoning of Bentley et al. (2006) that in these cases the youngest sample is the best estimate of the true exposure age for deglaciation. At TR, the oldest sample was embedded in till. We suggest that it was most likely deposited by an earlier ice advance, and retains some inherited 10 Be from a previous period of exposure. At MM, we cannot exclude an ice sheet history where the ice was only 10 m thicker at 8.3 ka than it was at 4.7 ka. Alternatively, given the data at TR, it is possible that the age of the older MM sample refl ects inheritance. The age-elevation relationships allow us to estimate long-term average thinning rates (these are minimum rates since we cannot rule out the possibility that our youngest samples have undergone prior exposure). We obtained rates of 2.3 ± 0.2 cm yr -1 over the past 14.5 k.y. for Smith and Pope Glaciers at TR (Fig. 3A) , and 3.8 ± 0.3 cm yr -1 over the past 4.7 k.y. for Pine Island Glacier at MM (Fig. 3B) . The thinning rate determined from the youngest two samples at TR projects to the present ice surface (Fig. 3A) , giving the strongest evidence from our four sample sites for gradual thinning of the WAIS during the Holocene. The 10 Be exposure age of 2.2 ± 0.2 ka from ISL could be interpreted as recording one of two events: (1) the time when the island was fi rst exposed by retreat of the ice front, or (2) emergence of the island from the sea due to isostatic rebound after deglaciation. Our late Holocene exposure age is consistent with our evidence for progressive Holocene thinning of the PIG upstream of this site at MM. However, the proximity of the island to Canisteo Peninsula (Fig. 2E ) means that we cannot rule out the possibility that exposure of the island is related to retreat of the "local" ice front. The alternative hypothesis of glacio-isostatic rebound can be assessed using relative sea-level predictions from a coupled solid earth-ice sheet model. We examined sea-level predictions for the island using the range of deglaciation scenarios in Bassett et al. (2007) . The elevation (8 m a.s.l.) of the sample is only consistent with deglaciation scenarios requiring the loss of relatively large ice volumes (G. Milne, 2007, personal commun.) , which are at the upper limit of what is thought geologically feasible across Antarctica (see review in Bassett et al., 2007) . Therefore, while the exposure age may represent the timing of isostatic emergence, we believe it is more likely that it refl ects recent retreat of the nearby ice front. However, even if it refl ects emergence, the date still provides a minimum constraint on the timing of ice sheet retreat. The close proximity of the ice front to the island (~1.5 km) suggests that the ice front has been stable for the past 2.2 k.y., or that it may have advanced from a more restricted position.
The paired 10 Be-26 Al data at HB plot below the lower boundary of the "erosion island" on a two-isotope diagram ( Fig. DR1 ; see footnote 1). Because HB is striated, we can assume that erosion has been negligible, but the 26 Al/ 10 Be ratio of HB1 suggests that the sample underwent at least one period of shielding and/or burial (Bierman et al., 1999) . For this reason, we do not use this sample further to constrain the post-LGM history. In summary, our data set shows progressive thinning of the WAIS in the Amundsen Sea Embayment since 14.5 ka, and allows estima- tion of long-term thinning rates. However, we are unable to constrain the timing of the LGM or maximum thickness of the LGM ice sheet. We believe that the late Holocene exposure age for the unnamed island is most likely to refl ect local ice retreat, rather than emergence due to isostatic rebound.
Our data show that deglaciation of TR was underway by 14.5 ± 1.2 ka (Fig. 3A) . This is slightly earlier than the onset of deglaciation in western Marie Byrd Land (ice began to retreat from Mount Waesche ca. 10 ka [Ackert et al., 1999] ; and the now-exposed rock of the Ford Ranges deglaciated within the past 10.4 ± 0.7 k.y. [Stone et al., 2003] ). Our estimated thinning rates for TR and MM (2.3-3.8 cm yr -1 ) are consistent with Holocene thinning rates observed elsewhere in Marie Byrd Land: 2.5-9 cm yr -1 in the Ford Ranges (Stone et al., 2003; Sugden et al., 2005) . However, they are more than an order of magnitude lower than those observed for PIG between 1992 and 1996: satellite altimetry detected that the grounded part of PIG had thinned by as much as 1.6 m yr -1 (Shepherd et al., 2001) . Our new data put these recent more rapid rates of the WAIS thinning in the Amundsen Sea Embayment into a longerterm context: for at least the past 14.5 k.y., glaciers there have been thinning at an average rate of a few centimeters per year. Recent thinning rates of about one meter per year cannot have been sustained for the whole of the Holocene, although short-lived periods of such rapid thinning may have occurred (we do not yet have the abundance of data or resolution required to distinguish such events in this region).
Compared with the limited marine data available for Pine Island Bay, the thinning history recorded by our samples is consistent with the overall retreat pattern described by Lowe and Anderson (2002) of retreat of ice from the outer continental shelf prior to 15.8 ± 3.9 14 C ka (uncorrected), passing within 200 km of the present-day grounding line by 10.2 ± 0.3 14 C ka (uncorrected). Our evidence for progressive thinning implies that retreat following 10.2 ka has been relatively gradual, and reached close to Canisteo Peninsula by 2.2 ka.
CONCLUSIONS
We have obtained the fi rst surface exposure ages from the Pine Island region, which provide constraints on the postglacial thinning history of this part of the WAIS. These ages record progressive thinning of Pine Island Glacier for at least the past 4.7 k.y., and of Smith and Pope Glaciers for the past 14.5 k.y.. The longterm average thinning rates for the glaciers are between 3.8 ± 0.3 and 2.3 ± 0.2 cm yr -1 . These rates are more than an order of magnitude lower than recent satellite-derived thinning rates for Pine Island Glacier of as much as 1.6 m yr -1 , supporting the idea that the recently observed behavior cannot have been sustained over more than a few decades.
We are as yet unable to constrain the date of the Last Glacial Maximum in this region, or the maximum thickness of the WAIS at that time. To do so would require sampling nunataks with a greater relief above the present ice surface.
We obtained an exposure age of 2.2 ± 0.2 ka for an island in Pine Island Bay. Exposure of the island was most likely to be the result of retreat of the ice sheet to its present position on Canisteo Peninsula. However, we cannot rule out the possibility that this date refl ects glacioisostatic emergence, in which case it gives a minimum age for ice sheet retreat.
